Cockayne syndrome type B ATPase (CSB) belongs to the SwItch/ Sucrose nonfermentable family. Its mutations are linked to Cockayne syndrome phenotypes and classically are thought to be caused by defects in transcription-coupled repair, a subtype of DNA repair. Here we show that after UV-C irradiation, immediate early genes such as activating transcription factor 3 (ATF3) are overexpressed. Although the ATF3 target genes, including dihydrofolate reductase (DHFR), were unable to recover RNA synthesis in CSB-deficient cells, transcription was restored rapidly in normal cells. There the synthesis of DHFR mRNA restarts on the arrival of RNA polymerase II and CSB and the subsequent release of ATF3 from its cAMP response element/ATF target site. In CSBdeficient cells ATF3 remains bound to the promoter, thereby preventing the arrival of polymerase II and the restart of transcription. Silencing of ATF3, as well as stable introduction of wild-type CSB, restores RNA synthesis in UV-irradiated CSB cells, suggesting that, in addition to its role in DNA repair, CSB activity likely is involved in the reversal of inhibitory properties on a gene-promoter region. We present strong experimental data supporting our view that the transcriptional defects observed in UV-irradiated CSB cells are largely the result of a permanent transcriptional repression of a certain set of genes in addition to some defect in DNA repair. G ene expression is jeopardized by genotoxic attacks such as UV irradiation stress that challenge genome integrity. Several DNA repair factors are required to remove DNA lesions, indicating that connections between transcription and DNA repair orchestrate accurate gene expression.
UV-induced lesions that modify the DNA structure are eliminated through two subpathways of nucleotide excision repair (NER). Global genome NER removes DNA damage from the entire genome, whereas transcription-coupled NER (TCR) corrects DNA lesions located on the actively transcribed genes (1, 2) . Cockayne syndrome type B (CSB) protein is involved in TCR; it is recruited to the stalled polymerase II (Pol II) and works as a coupling factor attracting histone acetyltransferase p300, NER proteins, and the Cockayne syndrome A (CSA)-damage-specific DNA binding protein 1 (DDB1) E3-ubiquitin ligase protein complex to remove the stalled transcription complex and induce chromatin remodeling to facilitate the repair of DNA lesions (3) (4) (5) . CSB is a 168-kDa member of the Switch 2/Sucrose nonfermentable 2 (SWI2/SNF2) family of DNA-dependent ATPases and contains seven characteristic helicase motifs (6, 7) , but no helicase activity has been demonstrated for CSB when using a conventional strand-displacement assay (8) . It has been suggested that mutations in CSB prevent the recruitment of the repair machinery and the proper resumption of RNA synthesis. Experimental evidence also has indicated that CSB is involved in transcription as well as in DNA repair. The presence of CSB as the promoter of activated genes and its absolute requirement for reinitiating the transcription of undamaged genes after UV irradiation underline its function in promoting gene activation (5, 9, 10) . CSB also stimulates RNA polymerase elongation (11) (12) (13) (14) (15) (16) .
Mutations in CSB and in Cockayne syndrome type A (CSA) result in Cockayne syndrome (CS), a rare inherited autosomal recessive disease with diverse clinical symptoms including severe growth failure, microcephaly, cachectic dwarfism, progressive neurological degeneration, white matter hypomyelination, lack of subcutaneous fat, cataracts, retinopathy, sensorineural deafness, and hypersensitivity to sunlight (17) . Approximately twothirds of the CS cases are caused by defects in the CSB gene (18, 19) . The clinical features raise the question whether CS results solely from failure in DNA repair or if the severe CS phenotype has more complex causes.
Activating transcription factor 3 (ATF3) is a member of the ATF/cAMP response element (CRE) subfamily of basic-region leucine zipper (bZIP) proteins. The DNA binding of the longest isoform usually is associated with repression of its target genes (20) . ATF3 is activated dramatically in various stress conditions in a variety of tissues (20, 21) . The ATF3 transcriptional network itself is still poorly described and may vary depending on the cellular context (22) (23) (24) .
In the present study we describe how the DNA-binding factor ATF3, the product of an immediate early gene (IEG), inhibits
Significance
Genotoxic attack results in temporary arrest of RNA synthesis. Mutations in the DNA repair factor Cockayne syndrome B gene product (CSB) that are responsible for the Cockayne syndrome phenotype lead to clinical features such as developmental and neurodegenerative defects and photosensitivity. In UVirradiated CSB-deficient CS1AN cells, certain genes remain permanently repressed by the activating transcription factor 3, the product of a stress-response gene, which cannot be removed from promoter by the transcription machinery. We suggest that transcriptional defects observed in UV-irradiated CSB-deficient cells result from the permanent transcriptional repression of certain genes as well as from defects in DNA repair.
a panel of genes after a genotoxic stress. We found that ATF3 is recruited to its CRE/ATF-binding site, thus preventing the expression of the corresponding genes. Although in CSB-deficient cells the ATF3 target genes, including dihydrofolate reductase (DHFR), were unable to recover RNA synthesis after the genotoxic stress in CSB-deficient cells, we observed that transcription was restored rapidly in wild-type cells. In CSB cells, ATF3 remains bound at the promoter, thus preventing the recruitment of the RNA Pol II machinery. Silencing ATF3 restores RNA synthesis in UV-irradiated CSB cells suggesting that, in addition to its role in DNA repair, CSB also is required for regulating gene expression in response to a genotoxic attack.
Results
Transcription Recovery After UV Irradiation Depends on CSB Mutation.
CSB contains seven helicase motifs that are conserved among the SWI2/SNF2 family. The 3D structure of SWI2/SNF2 proteins is organized into two main domains that are folded together to form a DNA-binding cleft harboring a composite ATP-binding site (8, 25) . Domain 1 contains helicase motifs I, Ia, II, and III, and domain 2 contains motifs IV, V, and VI. To investigate the role of CSB in transcription, we initially performed a screen of cell lines expressing the following mutations in the CSB gene, five of which are located in the helicase motifs ( Fig. 1A ) (26) : (i) a point mutation at P573 in motif Ia (also named the "Walker motif), which is involved directly in ATP binding and hydrolysis (27) and has a role in the transduction of energy from the ATPase domain to the DNA, because this motif is in close contact with DNA in crystallographic structures (28) ; (ii) a point mutation E646Q in the Walker B motif (motif II), that coordinates magnesium ions; this mutation completely inhibits the ATPase activity of CSB (28, 29) ; (iii) either a Q678E mutation in motif III or a Q942E mutation in motif VI; it has been suggested that motif III stabilizes the interaction between domains 1 and 2 by interacting with motif VI, which is located on the other side of the cleft (30, 31) ; (iv) a double T912/913V mutation in motif V that is located close to the ATP site and abolishes CSB ATPase activity (31); (v) in addition to cell lines with mutations in helicase motifs, we also used cell lines with either a deletion in the conserved acidic domain of amino acids 365-394 or a mutation at position K1137Q in the C-terminal nucleotide-binding (NTB) domain, both with unknown functions. CSB mutations then were introduced into a pcDNA3.1 vector and were stably transfected into a CSB-deficient cell line (CS1AN) to maintain the same genetic background (32) . All mutant cell lines express CSB with the same efficiency (26) .
We first determined the impact of the various CSB mutations on the sensitivity to UV light by measuring cell density 4 d after exposure to UV-C irradiation at 0-10 J/m 2 (Fig. 1B) . The mutation K1137A in the NTB domain or deletion of the N-terminal acidic domain (Δ365-394) did not substantially affect UV survival, which was similar to that of rescued wild-type (CS1AN+ CSBwt) cells. Mutations in motifs Ia (P573A) and III (Q678E) caused a slight sensitivity to UV irradiation, with cell densities of ∼60% 4 d after treatment. However, mutations in helicase motif II (E646Q) and in motifs V (T912/913V) and VI (Q942E) resulted in a very severe UV sensitivity similar to that in CS1AN cells, demonstrating a gradient in the sensitivity toward UV irradiation depending on the location of the CSB mutation. We previously demonstrated that the absence of full-length CSB causes dysregulation in the transcription of the housekeeping gene DHFR in response to UV irradiation, whereas the expression of the protein 53 (p53)-dependent gene Growth arrest and DNA damage-inducible protein 45 (GADD45) remained unaltered (10) . Therefore we investigated the expression of DHFR and GADD45 in cells carrying point mutations in the CSB gene. We irradiated the mutant cell lines with 10 J/m 2 UV light and then collected the mRNA. We found that mutations in NTB (K1137Q) and the acidic domain (Δ365-394) did not affect the recovery of DHFR expression after UV irradiation (Fig. 1C) . However, mutations in helicase motif Ia (P573A) and III (Q678E) caused a slight reduction in DHFR mRNA level 16-24 h after UV irradiation as compared with wild type. An even more prominent reduction in DHFR mRNA level was detected when helicase motifs II (E646Q), V (T912/913V), and VI (Q942E) were mutated, demonstrating that different mutations in the CSB gene can variably affect the transcriptional program. This result demonstrates that these motifs, most of which are associated with the CSB ATPase activity (34) , are implicated in the expression of DHFR gene.
Interestingly, upon UV irradiation, GADD45 (Fig. 1D) , as well as the IEGs, including Jun proto-oncogene (JUN), immediate early response 2 and 3 (IER2 and IER3), ATF3, FBJ murine osteosarcoma viral oncogene homolog (FOS), and Early growth response 1 (EGR1) (Fig. 1G) , peak strongly in both wild-type and CSB-deficient cells ( Fig. 1 E and F and Table S1 ). Their expression is not affected by mutations in NER factors (10, 35) .
ATF3 Is Overexpressed in UV-Irradiated Cells. With the list of IEGs induced by UV irradiation in hand, we performed bibliographic studies and found that one of IEG, ATF3, is a repressor. Because ATF3 was expressed similarly several hours after the initial irradiation in both CSB and wild-type cells and because many housekeeping genes, including DHFR, exhibit a CRE/ATF-binding site upstream of their promoter, we considered ATF3 a good candidate and decided to analyze more deeply the potential role of this repressor in inhibiting transcription after a genotoxic attack (20, 36) . The CRE (TGACGTATG) site is located at position −1686 relative to the DHFR transcription start site (TSS). We observed that mRNA synthesis of ATF3, as well as other IEGs, peaks a few hours after UV stress in both wild-type and CSB-deficient cells ( Fig. 1 E and F) . Thinking that ATF3 repressor overexpression could be a specific signature of UV stress response in an impaired CSB background, we further checked ATF3 protein levels in the CS1AN+CSBwt, CS1AN+Q678E, CS1AN+Q942E, and CS1AN cell lines. . The Q678E mutation in motif III resulted in a slightly lower accumulation of ATF3 than did the Q942E mutation in motif VI ( Fig. 2 C and D) . We also observed that ATF3 is recruited immediately at the chromatin in both CS1AN and CS1AN+CSBwt cells ( Fig. S1 B and C). We next performed Western blotting after UV irradiation (10 J/m 2 ) over a time course and found clear ATF3 accumulation in all four cells lines. In CS1AN+CSBwt cells, however, the induction of ATF3 peaked at 8 h and ceased at 16-24 h after treatment ( Fig. 2 A and E), whereas the CS1AN, CS1AN+Q678E, and CS1AN+Q942E cell lines maintained a high level of ATF3 expression throughout the 24-h time course (Fig. 2 F-H) .
Taken together, these data indicate that ATF3 gene expression and protein concentration are increased and accumulate after UV irradiation in CSB-deficient cells, suggesting a change in the ATF3 turnover rate.
ATF3 Remains Bound to the DHFR CRE/ATF Site in CSB-Deficient Cells.
We next performed ChIP to study whether ATF3 is recruited to the CRE/ATF site on the DHFR promoter after exposure to 10-J/m 2 UV irradiation. In CS1AN+CSBwt cells, we discovered a high enrichment of ATF3 protein on the DHFR CRE/ATF site that peaked at 8 h after UV treatment and decreased 12-24 h later (Fig. 2I ). Such ATF3 recruitment inversely parallels DHFR mRNA synthesis, which increases concomitantly with the release of ATF3 from its cognate site (Figs. 1C and 2I), and the recruitment of Pol II, CSB, and the basal transcription factor IIB (TFIIB) to the core promoter of DHFR (Fig. 2M ). In CS1AN, CS1AN+Q678E, and CS1AN+Q942E CSB cells, ATF3 was recruited to the CRE/ATF site on the DHFR promoter immediately upon UV irradiation. However ATF3 protein enrichment at CRE/ATF did not cease in these cells after 12 h (as it did in wild-type cells) but instead remained recruited throughout the entire time course (compare In CS1AN, CS1AN+Q678E, and CS1AN+Q942E cells, CSB and Pol II were not recruited to the DHFR promoter after UV irradiation ( Fig. 2 N-P) . It should be noted that the decrease in Pol II and TFIIB enrichment seemed more prominent in CS1AN+ Q942E cells than in CS1AN+Q678E cells ( Fig. 2 O and P). This slight difference between the two cell lines correlates with the more pronounced ATF3 recruitment to CRE/ATF and the lower DHFR mRNA level after UV in CS1AN+Q942E cells and also with the lower UV survival and recovery of RNA synthesis in CS1AN+Q942E cells compared with CS1AN+Q678E cells (Fig.  1B and Fig. S1A ).
In these four cell lines we did not detect any presence of ATF3 on the core promoter of GADD45, which does not contain a CRE/ATF site ( Fig. 2 Q-T) . However, antibodies against Pol II and TFIIB revealed a clear enrichment of these factors immediately after UV irradiation, peaking at 1 h after treatment and followed by a decrease that parallels the pattern of GADD45 expression (Fig. 1D) . On both the DHFR core promoter and the GADD45 promoter, we detected the presence of CSB together with the transcription machinery in CS1AN+CSBwt, CS1AN+ Q678E, and CS1AN+Q942E cells (Fig. 2 M , O-Q, S, and T). Because CS1AN cells do not express full-length CSB (26), we did not check for the presence of CSB on the DHFR and GADD45 core promoters (Fig. 2 N and R) .
Taken together, these results suggest that f full-length CSB is needed to regulate ATF3-dependent DHFR expression and raise the question of whether CSB has a more general role of CSB in regulating gene expression. ATF3 Inhibits Transcription of Its Direct Targets in CS Cells. Although IEGs were induced similarly a few hours after UV treatment ( Fig. 1 E and F) , other genes were unable to recover normal RNA synthesis activity in the CS1AN+CSBwt, CS1AN, and AS548 cell lines as demonstrated by microarrays and quantitative RT-PCR (Fig. 3A, Fig. S1H , and Tables S1 and S2). We identified 1,217 genes that were down-regulated (by <0.5-fold, P < 0.001) (Materials and Methods, Fig. S1H , and Table S2 ) in the CS1AN, as compared with the CS1AN+CSBwt cell line, 24 h after UV treatment. Next, we aligned the mRNA expression profile together with the global ATF3 promoter occupancy (ChIP-Seq data) (24, 37) . In the set of down-regulated genes we identified 334 genes (27%) that contain CRE/ATF-binding site candidates in close proximity to the corresponding TSS ( Fig.  S1H and Table S2 ). Among these were genes that previously had been identified as ATF3 transcriptional targets [e.g., Inhibitor of DNA binding 1 protein (ID1), Cyclin D1 (CCND1), Endothelin 1 (EDN1), Receptor-interacting serine-threonine kinase 2 (RIPK2), and AT rich interactive domain 5A (ARID5A)] (22, 33, 38) and others that had not. For a number of selected genes [ID1, CCND1, Nipped-B homolog (NIPBL), Neuregulin 1 (NRG1), CDK5 regulatory subunit associated protein2 (CDK5RAP2), ATP/GTP-binding protein 1 (AGTPBP1), and Dual-specificity tyrosine-phosphorylation kinase 1A (DYRK1A)], ChIP experiments show recruitment of ATF3 in CS1AN cells that remains bound at the CRE/ATF site throughout the entire time course and even longer (Fig. 3C) . In wild-type cells, to the contrary, ATF3 remains recruited for a short period (Fig. 3D) , after which RNA synthesis is restored (Fig. 1C and Fig. S1A ). Interestingly, in Xeroderma pigmentosum, complementation group C (XPC)-and Xeroderma pigmentosum, complementation group A (XPA)-deficient cells, ATF3 is recruited at the promoter of the genes containing a CRE/ATF-binding site for a time period similar to that observed in wild-type cells (Fig. 3 E and F) . These data strongly establish a correlation between the defective expression profile of genes (other than DHFR) and the presence of ATF3 on their respective promoters in CSB-deficient cells.
We next investigated the regulatory function of ATF3 in CSBdeficient cells. CS1AN cells were treated with either siRNA against ATF3 (siATF3) or control siRNA without a target (siCtrl) and were exposed to UV irradiation. As compared with siCtrl, the siRNA-mediated knockdown of ATF3 was very significant even 24 h after UV treatment as demonstrated by Western blot (Fig.  4A) . In our experimental conditions there were no significant differences in UV survival in CS1AN+siATF3 and CS1AN+ siCtrl cells 48 h after 10-J/m 2 UV irradiation (Fig. S1E) . As a consequence, we observed that all the genes tested thus far that were repressed in UV-treated CS1AN+siCtrl cells recovered their RNA synthesis activity in CS1AN+siATF3 cells (Fig. 3A) . In those cells, the level of DHFR mRNA synthesis reached that of CS1AN+CSBwt cells, but DHFR mRNA synthesis was not recovered in CS1AN+siCtrl cells. As expected, ChIP assay next showed that at 24 h after irradiation the recruitment of ATF3 on the DHFR CRE/ATF-binding site was strongly reduced in CS1AN+ siATF3 cells as compared with CS1AN+siCtrl cells (Fig. 4B ). Under these conditions the level of Pol II on the DHFR core promoter in CS1AN+siATF3 cells was similar to that observed in CS1AN+ CSBwt cells and was much higher than in CS1AN+siCtrl cells 24 h after UV irradiation (Fig. 4C) , thus demonstrating that transcription did occur (Fig. 3A) .
Active transcription often is associated with heterochromatin landmarks such as di/tri methylation of histone H3 (H3K4me2/3) and histone H3/Histone H4 (H3/H4) acetylation. We also observed that silencing ATF3 in CS1AN restores the H3K4 dimethylation as well as H4/H3 acetylation, two chromatin landmarks already observed around the DHFR promoter in CS1AN+CSBwt (Fig. 4 D and E) . In CS1AN+siCtrl, this decrease in histone modification lasted up to 24 h after UV irradiation. ATF3 promotes transcriptional repression by recruiting histone deacetylases (HDACs) (22) . HDACs have a critical role in chromatin remodeling by participating in the acetylation/deacetylation cycle of histones: Acetylation relaxes the chromatin structure, thereby allowing access of transcription factors to DNA; conversely, deacetylation alters the chromatin structure to limit access of transcription factors. Thus, it was not surprising to observe the permanent presence of HDAC1 at the DHFR promoter in CS1AN cells (Fig. 4F) .
To investigate further the role of ATF3 in repressing RNA synthesis in UV-irradiated CSB cells, we designed two luciferase reporter constructs, one containing a CRE/ATF site upstream of a simian virus 40 (SV40) promoter (pGL3+CRE/ATF), and one without the CRE/ATF site (pGL3). These plasmids were transfected into the CS1AN, CS1AN+CSBwt, CS1AN+Q678E, and CS1AN+Q942 cell lines that then were UV irradiated. In response to UV irradiation, the luciferase activity was decreased significantly in all cell lines at 4 h after treatment when CRE/ ATF was inserted upstream of the SV40 promoter (Fig. 4G) . However, CS1AN+CSBwt cells recovered luciferase activity24 h after UV treatment, correlating with the down-regulation of ATF3 expression observed 24 h after treatment in this cell line (Fig. 2E) . At that time, CS1AN, CS1AN+Q678E, and CS1AN+ Q942E cells were unable to restore luciferase activity (Fig. 4G) . The three different mutated or truncated CSB cell lines as well as the restored CSB wild-type cell lines transfected with a plasmid lacking the CRE/ATF-binding site allow proficient luciferase activity in response to UV irradiation (Fig. 4H) , demonstrating that the CRE/ATF site indeed is responsible for the ATF3-mediated repression of transcription.
Taken together, these results demonstrate that with UV irradiation there is a repression of ATF3-responsive genes in CSBdeficient cells that is circumvented when its CRE/ATF target site is deleted and/or when ATF3 expression itself is silenced. Additionally, these results suggest that CSB, as well as ATF3, is implicated in the acetylation/deacetylation process of histones.
Inhibition of Pol II Transcription Promotes ATF3 Induction. Having shown that ATF3 is induced by UV and binds to CRE/ATF sites within promoters and prevents the recruitment of Pol II either temporarily (in CSB wild-type cells) or permanently (in CSBdeficient cells), we asked whether the ATF3-induced repression is caused by the unavailability of Pol II to join the DHFR promoter. To induce a slight inhibition of Pol II activity in wild-type cells, CS1AN+CSBwt cells were incubated for 1 h with 10 μg/mL of α-amanitin, a concentration 2,500 times lower than usually used to inhibit mRNA synthesis completely (39, 40) . When interacting with the bridge helix in RNA pol II, α-amanitin prevents its binding to the DNA and/or constrains its mobility and hence slows the translocation of the polymerase and the rate of synthesis of the RNA molecule (41) .
First, we quantitatively compared the mRNA expression levels of different IEGs in CS1AN+CSBwt and CS1AN cells after treatment with UV-C ( Fig. 1 E and F) with the expression levels in CS1AN+CSBwt cells treated with α-amanitin (Fig. 1G) . In all three settings we observed an almost similar induction of these IEGs, including ATF3 (Fig. 1 E-G and Table S1 ). Twenty-four hours after α-amanitin administration the accumulation of ATF3 protein in the treated CS1AN+CSB cells (Fig. 5A ) was similar to that in CSB-deficient CS1AN cells after UV-C treatment (Fig.  2F) . As a consequence, mRNA expression of DHFR still is abrogated considerably 24 h after α-amanitin treatment in CS1AN+ CSBwt cells (Fig. 5B) , similar to the previously observed down- regulation in UV-irradiated CS1AN cells (Figs. 1C and 3A) . We also analyzed quantitatively the mRNA expression levels of the direct ATF3-target genes that we had monitored previously (Fig.  5B) . ChIP experiments next showed that ATF3 protein remains recruited throughout the entire time course on the DHFR promoter region in CS1AN+CSBwt cells treated with α-amanitin (Fig. 5D) , in clear contrast to what occurs in UV-treated cells ( Fig. 5C ; also see Fig. 2 I and M) . The recruitment of CSB and Pol II is diminished significantly at 8 and 24 h after treatment with α-amanitin, explaining the defect in RNA synthesis (Fig. 5D ). These data from the CS1AN+CSBwt cell line clearly demonstrate that α-amanitin treatment induces the expression of the stress-response gene ATF3, thereby causing transcriptional effects comparable to those seen after UV-C treatment. That is, the recruitment of ATF3 protein at the DHFR promoter region matches its recruitment in UV-C-irradiated CS1AN cells, showing that the transcriptional arrest observed in UV-C-irradiated CS1AN cells is caused not only by defective TCR but also by disturbed regulation of transcription.
Discussion
In response to UV irradiation, a panel of genes does not recover RNA synthesis in CSB-deficient cells, although the IEGs are activated whether or not CSB is mutated. The developmental consequences of CSB mutations shown by the very severe clinical features observed in patients with CS (19) may be explained by the defective expression of a certain set of genes. This study provides mechanistic insights into the role of CSB in regulating the expression of a certain set of genes after genotoxic stress and also provides explanations for the selective down-regulation of ATF3-dependent genes and the relationship of this downregulation to CS clinical features.
In wild-type cells, CSB is recruited cyclically at the chromatin upon either UV irradiation or ligand induction, but such recruitment is abolished in CSB-deficient cells (3, 9, 10, 34) . In both CBS-proficient and -deficient cells, ATF3 expression is induced with UV irradiation, and further ATF3 is recruited to the CRE/ATF-binding site located in the vicinity of the promoter of numerous genes, including DHFR, to repress transcription (Figs.  2 I-L and 3 A-D; see also refs. 36 and 42) . Although in wild-type cells the overexpression and the binding of ATF3 to its target sites peaks at 8 h and disappears completely at 24 h when RNA synthesis restarts, in CSB-deficient cells ATF3 accumulates and is maintained at the promoter of several genes (compare Figs. 2 I vs. J and 3 C vs. D). In this latter case, it is likely that the half-life of ATF3 is increased. The recruitment of ATF3 by the various target genes parallels the removal of Pol II together with CSB, and during that period transcription is arrested (Fig. 2) .
We further demonstrate that the arrest of RNA synthesis is caused by the binding of ATF3 itself to its native target sites: (i) expression of luciferase from a construct that contains one CRE/ ATF-binding site in front of the SV40 promoter is abolished in UV-treated cells with a CSB-deficient background, and deleting the ATF/CRE site allows luciferase expression (Fig. 4 G and H) ; and (ii) siRNA-mediated knockdown of ATF3 releases the repression of direct targets of ATF3 in UV-irradiated cells, thereby circumventing some of the deleterious effects of CSB mutations (Fig. 3A) .
These findings raise questions about the role of CSB in the arrest of RNA synthesis in addition to its function at the sites of DNA lesions with stalled transcription machinery (1, 3, 43, 44) .
Interplay Between CSB and ATF3 Controls the Expression of ATF3 Direct Targets. To explain further the arrest of RNA synthesis in UV-irradiated cells, a scenario was proposed in which the appearance of genotoxic stress originated by UV irradiation induces activation of both the ATF3 early immediate response and the p53 pathways (Fig. 1 E-G) . Activation of the p53 branch mediates the transcription of genes such as GADD45, whose products can be involved in cell-cycle regulation and apoptosis. ATF3 activation, which is p53 independent, would act as a pivotal transcription factor that represses genes (Figs. 3 A and B and 5B), including those involved in the cell cycle and in apoptosis as well (45) (46) (47) . Such a defense mechanism allowing cellular arrest could be developed to recover normal activity; then Pol II rejoins the promoter to reinitiate RNA synthesis as observed in CSBproficient cells. It seems that the presence of CSB and ATF3 at the promoter is mutually exclusive (Fig. 2 I-P) . ATF3 neither interacts with the CSB ATPase in a protein-protein interaction nor allows its removal from DNA upon the addition of ATP (at least in our in vitro EMSA experiment) (Fig. S1D ).
An initial hypothesis suggested that arrest of transcription by ATF3 allows the repair of damaged DNA (48) and the recycling of the phosphorylated elongating Pol II so that normal gene transcriptions can resume (1, 3, 10) . ATF3 could be involved in transcriptional arrest and thus stimulate DNA repair (46) . In this scenario, CSB is recruited to the stalled Pol II upstream of a lesion and works to recruit further chromatin remodeling and NER proteins consecutively to facilitate the repair of DNA lesions (3-5, 10, 11) . Mutations in CSB are unable to initiate the formation of a TCR complex, thus preventing the reinitiation of RNA synthesis, because the elongating Pol II is blocked upstream of the lesion (2) and therefore cannot be recycled for further reinitiation. Because 25 J/m 2 of UV introduced around two DNA lesions per 10 kb of DNA, another hypothesis suggested that damaged genes are defective in transcription (49) . In this scenario, the CSB-initiated repair of DNA damage and the further availability of Pol II are required to restart RNA synthesis.
However, these assumptions are insufficient or at least are incomplete. Indeed we demonstrate that silencing ATF3 and/or deleting its CRE/ATF target site circumvents transcription arrest and allows transcription (at least of the ATF3-dependent genes) in UV-irradiated CSB cells (Figs. 3A and 4 G and H) , suggesting that the presence of unrepaired DNA lesions is not the sole cause of the defect in RNA synthesis. This result also demonstrates that active Pol II is still available for RNA synthesis, even if it is partially blocked by DNA lesions in CSB-deficient cells. Thus it seems that the processes of transcription arrest and DNA repair can be separated and that eliminating DNA lesions does not initiate the restart of transcription. The perturbation of Pol II activity by very low concentrations of α-amanitin also causes ATF3 induction and increases binding to the CRE/ATF site in the absence of extrinsic damage in a numerous set of genes, with resulting persistent shutdown of the expression of these genes even in wild-type cells. However, we cannot exclude the possibility that inhibition of Pol II (by α-amanitin and/or stalled in front of a DNA lesion) provides a CSB-independent signal for ATF3-dependent repression of a large set of genes, as also observed after UV treatment. Such signal in response to UV damage could be resolved after TCR in normal cells but persists in CS cells because they cannot perform TCR, with resulting persistent repression of the class of ATF3-responsive genes (Figs. 3 A and B and 5B). Therefore, we conclude that the arrest of RNA synthesis is not caused exclusively by the defect in repairing damaged DNA.
Previously it has been shown that CSB is recruited at the promoter of activated genes (Fig. 2M) (9) , but questions remain about the role of CSB in removing the repressor from its cognate site. Our results suggest that not all of Pol II is blocked at DNA lesions, but active Pol II alone is not sufficient to restore transcription in UV-irradiated cells unless wild-type CSB is present. Thus, in addition to its role in DNA repair, CSB is a key component in the transcription arrest that occurs with genotoxic stress. CSB's key role in regulating transcriptional arrest upon UV stress also is seen in cells with an XPC or XPA NERdefective background that otherwise are CSB proficient. In such cases CSB may be required to remove ATF3, although the presence at the promoter is mutually exclusive.
CSB was defined as an ATP-dependent chromatin remodeler belonging to the SWI/SNF family that uses ATP as energy to alter DNA-histone interactions. ChIP analysis suggests that ATF3 may silence DHFR by recruiting HDACs but did not tell us what role CSB plays in relieving ATF3 bound to its native CRE/ATF site. However, we have observed that the ATPase activity of CSB is absolutely required for its recruitment at chromatin (3, 9, 10, 34) and likely participates in the removal of ATF3 and restoration of optimal gene expression after genotoxic attack. Indeed mutations in CSB that affect its ATPase activity as well as mutations in the helicase motifs (28, 29) prevent its recruitment at chromatin and consequently prevent the removal of ATF3 from its target sites (Fig. 2 O and P) . The CSB/K1137Q and CSB/P1042L mutations located at the C terminus and the CSB/P573A mutation, which does not affect its ATPase activity, do not prevent the restart of RNA synthesis after UV treatment (Fig. S1 A and C) (2, 10, 15, 34) . Our data suggest that the energy provided by CSB contributes, in collaboration with Pol II, to remove ATF3 repressor from its binding site, suggesting that the helicase activity might have a role in modifying DNA-histone as well as DNA-transcription factor contacts (50) . Further investigation will be needed to analyze the interconnections between CSB, ATF3, and various HDACs, all of which seem to be implicated in the acetylation/deacetylation process of histones and thus in the chromatin remodeling of promoter regions of CSB-sensitive downstream genes.
ATF3 Overexpression and CS Clinical Features. The cellular or genotoxic stress experienced during a lifespan is managed efficiently in wild-type cells. In a CSB-deficient background such stress results in continuous up-regulation of ATF3 that changes the transcriptional landscape. We propose that such down-regulation of ATF3 target genes might be responsible, at least in part, for the clinical features seen in patients with CS.
Focusing on the neurodegenerative aspects of CS, we selected a set of genes that become down-regulated in CS1AN cells 24 h after UV treatment (51) . Among these candidates, we selected those that offer ATF3 binding close to their corresponding TSSs and that previously have been shown to be associated with multiple neurodegenerative or hypomyelination disorders (Fig. S1H and Tables S2 and S3 ). A selected set of these genes (NIPBL, NRG1, CDK5RAB2, AGTPBP1, and DYRK1A) was confirmed to be true ATF3 targets in CS1AN cells (Fig. 3 A, C, and D) . Additionally, the same pattern of gene down-regulation was confirmed in another cell line of fibroblasts derived from a CS patient (Fig. 3A) with a different CSB mutation (AS548) and with phenotypes of varying severity (19) .
To mimic a cell type-specific content of affected tissue, we differentiated the wild-type and AS548 human induced pluripotent stem cells (hiPSCs) into neuronal cultures (52, 53) and measured the expression of direct ATF3 targets 24 h after UV treatment (Fig. 3B) . We compared the expression of ATF3 directly in UV-induced and noninduced populations in wildtype and AS548 neuronal cultures. Interestingly, three newly described targets, NIPBL, CDK5RAP2, and AGTPBP1, were downregulated in neuronal cultures of CS AS548 cells after UV treatment. NIPBL is a homolog of the Drosophila melanogaster Nipped-B gene product and fungal sister chromatid cohesion type 2 (Scc2) proteins. Mutations in NIPBL were found to be responsible for Cornelia De Lange syndrome (54, 55) , a disorder characterized by dysmorphic facial features, growth delay, limb reduction defects, and mental retardation. Interestingly, down-regulation of NIPBL also may impair adipogenesis (56) . CDK5RAP2 is a CDC2-like kinase that is a key regulator of centrosomal maturation. Mutations in this gene are associated with autosomal primary recessive microcephaly, a disorder characterized by small brain size caused by deficient neuron production in the developing cerebral cortex (57) (58) (59) . AGTPBP1 is a zinc carboxypeptidase that initially was cloned from spinal motor neurons undergoing axon regeneration. Interestingly, AGTPBP1 was found to be deleted inside a Purkinje cell degeneration (PCD) allele (60) . The PCD phenotype is associated with changes in nuclear chromatin architecture and function (61, 62) .
Our findings suggest that such stress-dependent down-regulation of these genes is coupled to the neurological features of CS patients, because dysfunction in these genes may account for mental retardation (NIPBL), microcephaly (CDK5RAP2), and Purkinje cell degeneration in the cerebella cortex (AGTPBP1) (19) .
Materials and Methods
Cell Lines. CS1AN, CS1AN+CSBwt, CS1AN+Q678E, and CS1AN+Q942E SV40 transformed fibroblasts were grown in Dulbecco/HamF10 medium containing 10% FCS and 40 mg/mL gentamycin. Primary fibroblasts from CS patients AS548 (19) and GM14867 and XP12RO were grown in MEM containing 10% (vol/vol) or 15% (vol/vol) FCS and 40 mg/mL gentamycin.
Generation and Culture of Human iPS Cells. The human wild-type (CRL-2097; American Type Culture Collection) and AS548 fibroblasts were transduced with concentrated retroviruses of Yamanaka mixture (Vectalys) (63) . After a week of culture in DMEM/FBS 10% (vol/vol) medium, fibroblasts were passaged onto mouse embryonic fibroblasts (MEFs) and were maintained and cultured in human ES cell medium: DMEM/F12 containing 20% (vol/ vol) Knockout Serum Replacement (KSR; Invitrogen), 10 ng/mL basic FGF (PeproTech), 1 mM L-glutamine, 100 μM nonessential amino acids, 100 μM β-mercaptoethanol, 50 U/mL penicillin, and 50 mg/mL streptomycin. Several hiPSC clones were selected and expanded in each cell line.
Directed Differentiation of hiPSCs. hiPSCs were dissociated using TrypLE (Invitrogen) and were preplated on gelatin-coated dishes in human ES cell medium supplemented with 10 μΜ Rho-kinase (ROCK) inhibitor (Tocris) for 1 h to eliminate MEFs,. A suspension of nonadherent iPSCs then was plated on Matrigel-coated dishes (BD Bioscience). Confluent hiPSC cultures were induced for neurogenesis by switching to N3 medium (53) and addition of 10 μM of SB431542 (Tocris) and 5 μg/mL of dorsomorphin (Tocris) for 10 d. Then neural rosettes were transferred and maintained as neuroepithelial cultures on polyornithine/laminin-coated dishes in N3/FGF2 medium. Further differentiation into neuronal cultures was promoted in N3 medium by the removal of FGF2.
Western Blotting. Cells were grown to subconfluency on 15-cm dishes, exposed to UV-C radiation when noted, harvested, and suspended in radioimmunoprecipitation assay (RIPA) buffer. After 15 min sonication, 30 μg of cell lysates was run on Invitrogen NuPAGE 4-12% Bis-Tris gel and were blotted onto PVDF membranes. Antibodies used were ATF3 (sc-188; Santa Cruz), β-actin (sc-1615; Santa Cruz), and α-tubulin (ab15246; Abcam).
Cellular Compartment Fractionation.
To determine the translocation of ATF3 to chromatin, cells were seeded in 15-cm dishes and grown to subconfluency before irradiation with 10-J/m 2 UV-C. At various time points after radiation, cells were lysed on ice in lysis buffer (20 mM Hepes, 150 mM NaCl, 0.5 mM MgCl 2 , 1 mM DTT, 0.5% Triton X-100, 10% glycerol), and fractions were separated and visualized according to the procedures in ref. 34 , using antibodies against ATF3 (sc-188; Santa Cruz), GAPDH, and H4 [Institute of Genetics and Molecular and Cellular Biology (IGBMC) Antibody Facility, Strasbourg, France].
ChIP. Cells were crosslinked with 1% (vol/vol) formaldehyde solution for 10 min at room temperature. Crosslinking was stopped by adding glycine to a final concentration of 125 mM. Samples were sonicated to generate DNA fragments smaller than 500 bp. For immunoprecipitations, 1 mg of chromatin extract was precleared for 2 h with 50 mL of a 50% slurry of protein A/G-Sepharose mix (50:50) before the addition of the indicated antibodies. Then 2 mg of each antibody was added to the reactions and was incubated over night at 4°C in the presence of 50 mL of protein A/G beads. After serial washings, the immunocomplexes were eluted twice for 10 min at 65°C, and crosslinking was reversed by adjusting to 200 mM NaCl and overnight incubation at 65°C. Further proteinase K digestion was performed for 2 h at 42°C. DNA was purified using Qiagen columns (Qiagen QIAquick PCR Purification Kit). Immunoprecipitated DNA was quantified by real-time quantitative PCR (Qiagen QuantiTect SYBR Green PCR Kit). Antibodies used for ChIP assay were ATF3 (sc-188; Santa Cruz), Pol II (sc-9001; Santa Cruz), H3K4me2 (31209; Cell Signaling), CSB, H4Ac, and TFIIB (IGBMC Antibody Facility). Primer sequences are available upon request.
RNAi. A pool of four RNA oligonucleotides (Dharmacon) forming a 19-base duplex core, specifically designed to target ATF3 mRNA (siATF3) was transfected in CS1AN cells at a concentration of 50 nM. A pool of RNA oligonucleotides without any target mRNA (siCtrl) was used as control. RNA transfection was performed using Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer's instructions.
Determination of Global RNA Synthesis. Cells in log phase were grown in the presence of 14 C-thymidine (0.02 mCi/mL) for 2 d to label the DNA uniformly. The irradiated cells (10 J/m 2 UV-C) and cells treated with α-amanitin for 1 h (when noted) were pulse-labeled with 5 μCi/mL of 3 H-Uridine for 30 min at different time points. The cells were collected and washed once with ice-cold PBS and were lysed in buffer containing 0.5% SDS and 100 μg/mL Proteinase K for 2h at 37°C. After trichloroacetic acid [TCA, 10% (vol/vol)] precipitation, the samples were spotted onto fiberglass discs (Whatman).Then the filters were washed sequentially in 5% TCA and 70% (vol/vol) ethanol/acetone, and their radioactivity was counted.
EMSA Assay. For the gel-shift assay ATF3-GST and CSB-His were purified from bacteria or CF21 cells, respectively. The DNA fragment containing the ATF3-binding site, a part of CDK5RAP2 promoter, was amplified using the primers GCTATTTGGAAGTTGGTTTTCC and CATCTGACTGCAAGCTACTTCC for the wild-type ATF3-binding site and CCTAGAGGattCGTCACTACCACC and GG-TGGTAGTGACG-aatCCTCTAGG for the mutated ATF3-binding site. Both wild-type and mutated CDK2RAP2 fragments were cloned into a pCG blunt cloning vector and were verified by sequencing. For the binding reaction, [
32 P]ATP-labeled wild-type or mutated fragments (100,000 cpm), purified ATF3-GST and CSB-His, and 2.5 μg of poly(deoxyinosinic-deoxycytidylic) acid [poly(dI-dC)] were added to a solution containing 20 mM Tris·HCl (pH 7.5), 150 mM NaCl, 0.2 mM EDTA, 1 mM MgCl2, 1 mM DTT, and 5% glycerol in a final assay volume of 25 μL, in the presence or absence of 4 mM ATP. The binding assay was carried out at room temperature for 30 min, and DNA-protein complexes were separated by gel electrophoresis as previously described (64) .
Luciferase Reporter Assay. Cells were double-transfected with Renilla control plasmid (Promega) and either pGL3 promoter vector (Promega) or pGL3 promoter vector containing the CRE/ATF repressor site using JetPei transfection reagent according to the manufacturer's instructions. After 24 h cells were irradiated with 10 J/m 2 UV-C, harvested at denoted time points, and screened for Renilla and luciferase activity using the Promega Dual-Luciferase Reporter Assay System. Values were calculated as the ratio of luciferase to Renilla (Luc/Ren), and unirradiated cells were set at 100%.
Affymetrix Microarray. At each time point after treatment, total mRNA samples from two independent experiments were isolated and hybridized further to Affymetrix Human 1.0 ST Array chips according standard protocols. The quality of mRNA hybridization was very similar in each sample within replicates and time points, as measured via internal quality controls of the Affymetrix chips. We also measured the correlation of signal intensity between two replicas of each time point. All samples shared a high degree of similarity (P = 0.005%).
Extraction and Alignment of ATF3 ChIP-Seq Data. The global ATF3 occupancy was extracted from ATF3 ChIP-Seq data available at the ENCODE database (http://genome.ucsc.edu/cgi-bin/hgFileUi?db=hg19&g=wgEncodeHaibTfbs) (24, 37) . Specifically, the Bed files were extracted and proceed through GPAT software (http://bips.u-strasbg.fr/GPAT/) to retrieve genomic annotations of ATF3 peak positions through the promoter window. The extracted ATF3 peak data were aligned to the microarray dataset of the CS1AN+CSBwt and CS1AN UV-treated cells, using Galaxy software (https://main.g2.bx.psu.edu) ( Fig. S1H and Table S2 ).
